Acute lymphoblastic leukemia (ALL) is an aggressive hematologic neoplastic disorder that arises from the clonal expansion of transformed T-cell or B-cell precursors. Thanks to progress in chemotherapy protocols, ALL outcome has significantly improved. However, drug-resistance remains an unresolved issue in the treatment of ALL and toxic effects limit dose escalation of current chemotherapeutics. Therefore, the identification of novel targeted therapies to support conventional chemotherapy is required. The Wnt/β-catenin pathway is a conserved signaling axis involved in several physiological processes such as development, differentiation, and adult tissue homeostasis. As a result, deregulation of this cascade is closely related to initiation and progression of various types of cancers, including hematological malignancies. In particular, deregulation of this signaling network is involved in the transformation of healthy HSCs in leukemic stem cells (LSCs), as well as cancer cell multi-drug-resistance. This review highlights the recent findings on the role of Wnt/β-catenin in hematopoietic malignancies and provides information on the current status of Wnt/β-catenin inhibitors with respect to their therapeutic potential in the treatment of ALL.
Introduction
Acute lymphoblastic leukemia (ALL) is an aggressive hematological disorder that can originate from either B-lineage (B-ALL) or T-lineage (T-ALL) lymphoid precursors and is characterized by a marked heterogeneity at both molecular and clinical levels.
B-ALL is the most frequent neoplasia in childhood, which represents 80% of pediatric ALL [1] . Thanks to progress in chemotherapy protocols, the five-year survival rates are above 90% [2] . On the contrary, ALL has a much worse outcome in adults over 60 years of age where the survival rate is under 30% [3] . Hence, although chemotherapy regimens greatly improved the prognosis, a considerable percentage of patients does not respond and relapses.
T-ALL is caused by clonal transformation of T-lineage lymphoid precursors and comprises 10-15% of pediatric ALL cases and around 25% of adults [4] . T-ALL has a worse prognosis compared to B-ALL and, especially in adults, drug-resistance remains an unresolved issue in the treatment of T-ALL and dose escalation of current chemotherapeutics is limited by side effects. Hence, the identification of novel targeted therapies to support conventional chemotherapy is needed [5] .
Recently, it has been demonstrated that several key drivers of cell growth, proliferation, survival, and differentiation networks contribute to the pathogenesis of ALL. This opens new opportunities The activation of the pathway occurs at the cellular membrane, where Wnt ligands bind to the seven transmembrane-domain protein receptors Frizzled (Fzd) and/or to the low-density lipoprotein receptor-related protein (LRP) 5/6. This interaction leads to the inhibition of the axin degradasome destruction complex, which is a multiprotein complex that controls the cytoplasmic amount of βcatenin via phosphorylation, and, thereby, triggers β-catenin degradation by the proteasome in the absence of Wnt [10] . The destruction complex comprises the tumor suppressor adenomatous polyposis coli (APC), the axin scaffold protein, and two Ser/Thr kinases: glycogen synthase kinase 3 (GSK3) β and casein kinase 1 (CK1). In the absence of Wnt ligands, CK1 phosphorylates β-catenin at The activation of the pathway occurs at the cellular membrane, where Wnt ligands bind to the seven transmembrane-domain protein receptors Frizzled (Fzd) and/or to the low-density lipoprotein receptor-related protein (LRP) 5/6. This interaction leads to the inhibition of the axin degradasome destruction complex, which is a multiprotein complex that controls the cytoplasmic amount of β-catenin via phosphorylation, and, thereby, triggers β-catenin degradation by the proteasome in the absence of Wnt [10] . The destruction complex comprises the tumor suppressor adenomatous polyposis coli (APC), the axin scaffold protein, and two Ser/Thr kinases: glycogen synthase kinase 3 (GSK3) β and casein kinase 1 (CK1). In the absence of Wnt ligands, CK1 phosphorylates β-catenin at Ser45 residue and GSK3β at Ser33/Ser37/Thr41 residues. Then, the β-transducin repeats-containing protein (β-TrCP), an E3-ubiquitin ligase, ubiquitinates phosphorylated β-catenin, which becomes a target for proteasomal degradation [10] .
When Wnt binds to Fzd and/or LRP5/6 receptors, the Wnt/β-catenin pathway is activated and the axin degradasome is inhibited [9] . As a consequence, Dishevelled (Dvl) is activated and recruits the degradasome complex to the plasma membrane, and, thereby, promotes the interaction between LRP5/6 and axin [11, 12] . Consequently, LRP5/6 is phosphorylated at specific amino acidic residues (Ser1490, Thr1530, Thr1572, Ser1590, Ser1607) [13] , acting as a direct competitive inhibitor of GSK3β [14] .
Moreover, inactivation of GSK3β through Akt-dependent Ser9 phosphorylation prevents the phosphorylation of β-catenin, which allows its stabilization and accumulation in the cytoplasm. Stabilized β-catenin translocates to the nucleus where it binds to transcription factors, notably T-cell factor (TCF) and lymphoid enhancing factor (LEF), TCF/LEF. This interaction displaces the co-TCF/LEF repressor Groucho, whose function under basal conditions is to compact chromatin [15] . Groucho and TCF/LEF form a multiprotein complex, which is also termed Wnt enhanceosome, that recruits transcriptional co-activators and histone modifiers such as the ATP-dependent helicase Brahma-related gene 1 (BRG1, also known as SMARCA4), cyclic adenosine mono phosphate response element (CREB)-binding protein (CBP), p300, B-cell lymphoma 9 (BCL9), and pygo [15, 16] . The Wnt enhanceosome regulates chromatin remodeling and activates the transcription of β-catenin-dependent genes involved in cell growth and survival, including C-MYC, CCND1, BIRC5, and CDKN1a [9] . C-myc is a proto-oncogene that activates cyclin D1 and simultaneously inhibits p21 and p27, which leads to uncontrolled cell proliferation [17, 18] .
Wnt/β-Catenin Signaling Pathway Regulation
Under physiological conditions, Wnt/β-catenin signaling pathway is strictly and efficiently regulated at many levels through multiple positive and negative feedback mechanisms ( Figure 2 Ser45 residue and GSK3β at Ser33/Ser37/Thr41 residues. Then, the β-transducin repeats-containing protein (β-TrCP), an E3-ubiquitin ligase, ubiquitinates phosphorylated β-catenin, which becomes a target for proteasomal degradation [10] . When Wnt binds to Fzd and/or LRP5/6 receptors, the Wnt/β-catenin pathway is activated and the axin degradasome is inhibited [9] . As a consequence, Dishevelled (Dvl) is activated and recruits the degradasome complex to the plasma membrane, and, thereby, promotes the interaction between LRP5/6 and axin [11, 12] . Consequently, LRP5/6 is phosphorylated at specific amino acidic residues (Ser1490, Thr1530, Thr1572, Ser1590, Ser1607) [13] , acting as a direct competitive inhibitor of GSK3β [14] .
Moreover, inactivation of GSK3β through Akt-dependent Ser9 phosphorylation prevents the phosphorylation of β-catenin, which allows its stabilization and accumulation in the cytoplasm. Stabilized β-catenin translocates to the nucleus where it binds to transcription factors, notably T-cell factor (TCF) and lymphoid enhancing factor (LEF), TCF/LEF. This interaction displaces the co-TCF/LEF repressor Groucho, whose function under basal conditions is to compact chromatin [15] . Groucho and TCF/LEF form a multiprotein complex, which is also termed Wnt enhanceosome, that recruits transcriptional co-activators and histone modifiers such as the ATP-dependent helicase Brahma-related gene 1 (BRG1, also known as SMARCA4), cyclic adenosine mono phosphate response element (CREB)-binding protein (CBP), p300, B-cell lymphoma 9 (BCL9), and pygo [15, 16] . The Wnt enhanceosome regulates chromatin remodeling and activates the transcription of β-catenindependent genes involved in cell growth and survival, including C-MYC, CCND1, BIRC5, and CDKN1a [9] . C-myc is a proto-oncogene that activates cyclin D1 and simultaneously inhibits p21 and p27, which leads to uncontrolled cell proliferation [17, 18] .
Under physiological conditions, Wnt/β-catenin signaling pathway is strictly and efficiently regulated at many levels through multiple positive and negative feedback mechanisms ( Figure 2 ). R-spondins represent the main activators of Wnt/β-catenin axis. They are a family of secreted proteins that prevent LRP5/6 internalization and increase the activation of the Wnt/β-catenin cascade through a synergism with Wnt ligands. It has been shown that R-spondin 1 improves Wnt/β-catenin pathway activity by enhancing β-catenin stabilization and phosphorylation of LRP6 [19] . Importantly, these secreted proteins require leucine-rich repeat-containing G-protein coupled receptor (LGR) 4 and 5 to be active [20, 21] . R-spondins act by counterbalancing the negative modulation of two homologues E3 ligases: the cell-surface transmembrane E3 ubiquitin ligase zinc and ring finger 3 (ZNRF3) and its homologue ring finger 43 (RNF43), which increases the membrane level of Wnt receptors [22, 23] .
ZNRF3 and RNF43 are single-pass transmembrane E3 ligases carrying intracellular RING domains. They act as powerful negative regulators of the Wnt/β-catenin pathway through their ability to promote the ubiquitination and lysosomal degradation of Fzd and LRP5/6. Of note, RNF43 and ZNRF3 are encoded by Wnt target genes, which leads to a negative feedback loop [22, 23] . Loss of these two proteins causes hyper-responsiveness to endogenous Wnt signals and dysregulation of R-spondin/ZNRF3/RNF43 feedback loops have been identified in different types of cancer. In pancreatic ductal adenocarcinoma, loss-of-function mutations of RNF43 and ZNRF3 correlated with cancer development [24, 25] while amplification of R-spondin genes was reported in more than 18% samples of patients affected by colorectal and endometrial cancer [26] . The overexpression of R-spondins seems also to be involved in the tumorigenesis process in colorectal carcinoma [27] .
Norrin is an extracellular growth factor that represents another key activator of the Wnt/β-catenin pathway, which interacts with Fzd4 and requires LRP5/6 for its activation [28] [29] [30] .
Several negative regulators finely tune the Wnt/β-catenin network via their binding to Wnt ligands. For instance, secreted Frizzled-related proteins (SFRPs), in concert with Wnt inhibitory factor (WIF) and adenomatosis polyposis down-regulated 1 (APCDD1), inhibit Wnt/β-catenin signaling by preventing Fzd and Wnt binding [31, 32] .
Sclerostin (SOST) and sclerostin domain containing 1 (SOSTDC1), alias WISE, counteract Wnt/β-catenin signaling by binding to LRP5/6 [33] [34] [35] . C-Terminal Binding Protein (CtBP) 1, histone deacetylases (HDAC)s, groucho/transducin-like enhancer (GRG/TLE), and the secreted glycoproteins Dickkopf family (Dkks) represent other important Wnt/β-catenin inhibitors [36, 37] . GRG/TLE, CtBP1, and HDACs interact with nuclear TCF to turn off the transcription of Wnt target genes in the absence of nuclear β-catenin [38] , whereas Dkks bind with high affinity to LRP5/6, and, thereby, prevents Wnt and LRP5/6 interaction [39] . While Dkk1 always acts as a Wnt/β-catenin inhibitor, Dkk2 may act as either an inhibitor or an activator depending on the cell context. In HEK293T and NIH3T3 cell lines, it has been demonstrated that, when co-transfected with Wnt and Fzd, Dkk2 acts as an activator, but when co-transfected with LRP5/6, it may act as inhibitor [40] [41] [42] . In Xenopus, the overexpression of Dkk2 strengthened the Wnt/β-catenin pathway by synergizing with co-expressed Fzd8 [40] or LRP6 [43] .
Moreover, it has been demonstrated that the positive Wnt/β-catenin regulator Dvl also acts by recruiting ZNRF3 and RNF43 to Fzd receptors and, thus, inhibits the pathway [44] . The ZNRF3/RNF43 inhibition activity requires Dvl that acts as an adaptor for the E3 ligases.
Wnt/β-Catenin in Hematopoiesis
Hematopoiesis is a lifelong and tightly regulated process that gives rise to all blood cell types. Hematopoiesis depends on hematopoietic stem cells (HSCs), which is a pool of rare stem cells characterized by pluripotency and self-renewal through asymmetric division, quiescence, and multi-lineage differentiating potential. Even though dormancy is the preferred status for HSCs, upon specific stimuli, these cells can self-renew, and yield hematopoietic progenitors that, in turn, give rise to the mature hematopoietic cell lineages [45] . HSCs reside in the bone marrow (BM) niche, which is a specialized microenvironment that has a pivotal role in regulating the physiology of healthy HSCs.
Wnt/β-catenin network controls the delicate balance between self-renewal and lineage commitment of HSCs as well as the HSCs maintenance [46] . This tight regulation is very complex as it depends on different aspects that include the development stage, the local amount of Wnt proteins, and BM niche factors [47] .
The specific roles played by Wnt/β-catenin axis on healthy HSCs are still a matter of debate as several studies, based on loss-of-function and gain-of-function approaches, resulted in conflicting results.
It has been shown that aberrant overexpression of β-catenin, in both in vitro and in vivo studies, activated the long-term growth of HSCs [47] . On the other hand, two independent groups showed that overexpressed β-catenin led to enforced HSCs cell cycle entry in mice. Thereby, it caused the exhaustion of the long-term HSCs pool [48] along with hematopoietic failure and loss of HSCs repopulating stem cell activity [49] .
Luis and colleagues [50] gave an explanation for these conflicting data by hypothesizing that Wnt/β-catenin signaling might be differentially activated during hematopoiesis, while exerting its effects on HSCs in a concentration-dependent manner. When the Wnt/β-catenin network is mildly activated, HSCs may increase clonogenicity and myeloid development. Nevertheless, when it is over-activated, HSCs stemness is inhibited, which leads to an impairment of HSCs self-renewal and differentiation [50, 51] (Figure 3 ). it depends on different aspects that include the development stage, the local amount of Wnt proteins, and BM niche factors [47] . The specific roles played by Wnt/β-catenin axis on healthy HSCs are still a matter of debate as several studies, based on loss-of-function and gain-of-function approaches, resulted in conflicting results.
Luis and colleagues [50] gave an explanation for these conflicting data by hypothesizing that Wnt/β-catenin signaling might be differentially activated during hematopoiesis, while exerting its effects on HSCs in a concentration-dependent manner. When the Wnt/β-catenin network is mildly activated, HSCs may increase clonogenicity and myeloid development. Nevertheless, when it is overactivated, HSCs stemness is inhibited, which leads to an impairment of HSCs self-renewal and differentiation [50, 51] (Figure 3 ). Likewise, loss-of-function studies produced conflicting data. β-catenin-deficient mice displayed a decreased HSCs self-renewal capacity, long-term growth, and maintenance [52] , while an inducible Cre-loxP-mediated inactivation of the β-catenin gene in BM progenitors [53] or a simultaneous βcatenin and γ-catenin deletion did not impair HSCs ability to self-renew and generate all hematopoietic lineages [54] .
In Dkk1 transgenic mice [55] or Wnt3a −/− mice [56] , Wnt/β-catenin axis impairment blocked hematopoiesis. In contrast to the previous findings, Liu et al. [57] demonstrated that Wnt/β-catenin axis is inhibited in LRP5/6 double deficient mice. This led to a moderate decrease in the adult HSCs pool without causing defects in differentiated cells, which revealed that β-catenin is dispensable during hematopoiesis and lymphopoiesis. A further explanation of these conflictual reports is that, in the hematopoietic compartment, the Wnt/β-catenin pathway could also be modulated by the βcatenin-independent pathway, including cell polarity and other non-canonical Wnt pathways.
Several studies showed that, during hematopoiesis, the expression and modulation of different Wnt proteins, including Wnt3, Wnt5, and Wnt9, seem to have different effects during differentiation Likewise, loss-of-function studies produced conflicting data. β-catenin-deficient mice displayed a decreased HSCs self-renewal capacity, long-term growth, and maintenance [52] , while an inducible Cre-loxP-mediated inactivation of the β-catenin gene in BM progenitors [53] or a simultaneous β-catenin and γ-catenin deletion did not impair HSCs ability to self-renew and generate all hematopoietic lineages [54] .
In Dkk1 transgenic mice [55] or Wnt3a −/− mice [56] , Wnt/β-catenin axis impairment blocked hematopoiesis. In contrast to the previous findings, Liu et al. [57] demonstrated that Wnt/β-catenin axis is inhibited in LRP5/6 double deficient mice. This led to a moderate decrease in the adult HSCs pool without causing defects in differentiated cells, which revealed that β-catenin is dispensable during hematopoiesis and lymphopoiesis. A further explanation of these conflictual reports is that, in the hematopoietic compartment, the Wnt/β-catenin pathway could also be modulated by the β-catenin-independent pathway, including cell polarity and other non-canonical Wnt pathways.
Several studies showed that, during hematopoiesis, the expression and modulation of different Wnt proteins, including Wnt3, Wnt5, and Wnt9, seem to have different effects during differentiation stages, which suggests that they are non-redundant [58, 59] . For instance, it has been observed that, in the BM niche, Wnt3a played a central role in HSC self-renewal, which preserved HSCs with an immature phenotype, while Wnt5a suppressed proliferation of HSCs, maintaining them in a quiescent state and allowing long-term HSC maintenance [56, 60] . Furthermore, it has been demonstrated that Wnt9a regulated in vitro development of human hematopoietic progenitor cells [61] .
In general, all these findings suggest that a complex balance of the Wnt/β-catenin pathway is necessary to maintain HSC integrity. Moreover, it has been indicated that the lack of Wnt/β-catenin signaling is detrimental to HSCs function. However, a weak activity of the Wnt/β-catenin pathway is sufficient to restore the HSCs capacity (Figure 3 ).
Wnt/β-Catenin Signaling in Leukemia
Aberrant proliferation and differentiation of HSCs is one of the key features of leukemic transformation [62] . Due to the crucial role played by Wnt/β-catenin signaling in hematopoiesis, it is not surprising that deregulation of this signaling network is involved in transformation of healthy HSCs in leukemic stem cells (LSCs) (Figure 3 ) [63] . LSCs self-renew continuously and are responsible for the maintenance of leukemia cell clones. Uncovering fundamental differences between HSCs and LSCs is a major challenge, which is based on the molecular and phenotypic resemblances between normal and LSCs.
Even though the precise cellular mechanisms underlying leukemic transformation are still unclear, mutations of Wnt ligands or β-catenin-dependent genes have a fundamental role in hematological malignancies pathogenesis, which suggests that these diseases may be "Wnt addicted."
The aberrant activation of Wnt/β-catenin signaling is related to different hematological malignancies, either by mutations or ectopic activation, including acute myeloid leukemia (AML) [64] , chronic myeloid leukemia [65] , chronic lymphoid leukemia [66] , multiple myeloma [67] , and ALL [68] . Moreover, activation of β-catenin is required to sustain AML [69] and ALL drug-resistance [64, [70] [71] [72] .
The hyperactivation of the Wnt/β-catenin pathway in ALL may be due to a variety of dysregulated mechanisms, including aberrant expression of Wnt proteins [73] , epigenetic alterations [74] , activating mutations in β-catenin or inactivating mutations in APC or Axin [75, 76] , and alterations of the balance of the TCF/LEF complex [77, 78] .
Wnt/β-Catenin in T-ALL
Wnt/β-catenin pathway deregulation is a frequent event in T-ALL pathogenesis. About 80% of pediatric T-ALL patients showed higher levels of β-catenin compared to healthy controls, which leads to aberrant activation of β-catenin-dependent genes, including C-MYC, BIRC5, TCF1, and LEF [79, 80] . It is well established that c-myc is an oncogene involved in cancer initiation and progression in different types of tumors [81, 82] . Of note, C-MYC represents a target gene of Wnt/β-catenin and Notch signaling cascades and it is a promising target for eradicating LSCs in T-ALL [5, 83] . Survivin, which is the product of BIRC5 gene, is downstream of c-myc and its aberrant expression has been observed in ALL primary cells [72] .
It has been shown that β-catenin overexpression targeted the highly proliferative CD4 + CD8 + double positive thymocytes that predispose it to malignant transformation, which leads to a c-myc aberrant activation and develops a Notch-independent leukemia form [84, 85] . It has been demonstrated that the Wnt/β-catenin pathway is activated in LSCs of mouse and human T-ALL, and contributes to the drug resistance. The deletion of β-catenin impaired the frequency of LSCs [85, 86] . In particular, the activation of the Wnt/β-catenin pathway is typical of minor subpopulations of the leukemic cells where the hypoxia-inducible factor 1α (Hif 1α) is activated [86] . Notably, upregulated β-catenin and Hif1α may sustain LSCs, while deletion of these proteins strongly decreased LSCs frequency, without interfering with the growth of bulk cancer cells [86] . This functional dependency of LSCs may have an important clinical impact on the treatment of T-ALL, as it suggests that inhibition of the Wnt/β-catenin signaling pathway could be a useful approach to treat leukemia, especially for refractory T-ALL patients [86] .
Furthermore, PTEN deletions cooperated with β-catenin in leukemia development, which demonstrated that activation of the Wnt/β-catenin pathway is related to a subtype of Notch-independent T-ALL, characterized by C-MYC rearrangements and PTEN mutations [87] .
LEF1, which is a member of the LEF/TCF complex, may act as either a tumor suppressor or an oncogene in different cellular contexts. On one side, a significant increase of LEF1 has been observed in more than 25% of adult T-ALL samples [88] and, in TCF1 knockout mice, an increase in LEF1 expression correlated with a T-ALL higher incidence [76] . Of note, a LEF1 increase may be associated with a reduced expression of TCF1 [76] . On the other side, it has been demonstrated that TCF1 may act as a tumor suppressor in T-lymphocytes and LEF1 may be deleted and mutated in T-ALL [77, 89] . In addition, loss of TCF1 as a repressor of LEF1 led to increased Wnt activity and could represent the initiating event in lymphoma development [77] . A possible explanation for these contradictory reports could be that TCF1 may act as a tumor suppressor in certain subgroups of pediatric T-ALL [including Early T-cell precursor (ETP)-ALL and myocyte enhancer factor 2C (MEF2C) positive T-ALL] and as an oncogene in other groups of T-ALL.
The role played by the Wnt/β-catenin network in T-ALL pathogenesis is very complex and the precise mechanisms underlying leukemia development remain to be elucidated. 19) -containing cell lines, that Wnt16b was upregulated together with β-catenin, Dvl2, and TCF4, which confirms the activation of the Wnt/β-catenin cascade in these cells. Moreover, they showed that inhibition of Wnt16b induced apoptosis [91] . Wnt3a caused β-catenin accumulation in both B-ALL cell lines and primary samples, without affecting cell survival and proliferation of B-ALL cells [78] .
Wnt/β-Catenin in B-ALL
It has also been shown that Wnt proteins increased proliferation of B-ALL cell lines [68] and that the Wnt/β-catenin signaling was important to support B-ALL LSCs survival together with BM stromal cells [92] . Inhibition of the Wnt/β-catenin pathway sensitized ALL cells to cytarabine treatment in vitro and in vivo by overcoming drug resistance in human primary ALL cells and in in vivo experiments.
Therefore, activation of the Wnt/β-catenin network may be a general phenomenon that characterizes B-ALL, acting as a mean for the microenvironment to sustain the survival of the LSCs.
Nygren et al. [93] suggested that the effects of Wnt/β-catenin pathway in B-ALL development could be related to different anomalies such as genetic aberrations, including translocations, or could be due to interactions with other non-canonical signaling pathways, or to β-catenin localization. They demonstrated that aberrant β-catenin localized to the cell membrane alongside N-cadherin. In this context, it is important to emphasize that the pool of β-catenin bound to cadherins at the cell-cell junctions does not mediate the Wnt/β-catenin pathway.
It has been reported that Wnt5a, which promotes GSK3β-independent β-catenin degradation [94] , has an anti-proliferative effect in B-ALL cells [95, 96] . Wnt5a could negatively regulate the Wnt/β-catenin signaling cascade by inhibiting TCF-mediated transcription, and, thereby, preventing inappropriate activation of the pathway.
It has been demonstrated that mice overexpressing a constitutive active LEF1 mutant developed B-ALL [97] . This observation identified LEF1 as an oncogene, and may have a clinical impact, since LEF1 was found overexpressed in more than 25% of cases of B-ALL in a large cohort of adult patients, and represented an independent adverse prognostic factor [98] .
Last, but not least, the Wnt/β-catenin network is dysregulated in Philadelphia positive (Ph + ) B-ALL, which is a leukemia subset characterized by an extremely poor outcome [99] . In Ph + B-ALL, the over-activation of Wnt/β-catenin pathway in B-ALL may be caused by epigenetic alterations, including hypermethylation of promoters of the Wnt/β-catenin antagonists SFRP, WIF1, and Dkk3 [100] . In particular, the hypermethylation is related to aberrant activation of Wnt/β-catenin network in ALL patients, as documented by the upregulation of Wnt16, Fzd3, TCF1, LEF1, and cyclin D1, as well as by the nuclear localization of β-catenin. Moreover, interactions with BM stromal cells [101] , and high expression of a cystic fibrosis transmembrane conductance regulator (CFTR) [102] . CFTR is an ion channel transporter of Cl − and HCO 3 − [102] . However, it was demonstrated that CFTR and protein phosphatase (PP) 2A interact in the cytosol, and, thereby, result in lower PP2A activity and an upregulation of the Wnt/β-catenin signaling network, since PP2A promotes β-catenin degradation by removing an inhibitory phosphorylation on GSK3β [103] .
Targeting Wnt/β-Catenin Signaling in ALL
It has been demonstrated that, in ALL, Wnt/β-catenin antagonism has a role in depleting the self-renewal of drug-resistant LSCs [104, 105] . Inhibition of the CBP/β-catenin interaction may push LSCs toward symmetric differentiation, overcoming chemo-resistance, without interfering with the normal HSCs asymmetric differentiation [104, 105] . Moreover, in vitro down-regulation of BIRC5 gene, which encodes survivin, leads to increased chemo-sensitivity, and a clinical trial targeting BIRC5 with a novel survivin messenger ribonucleic acid (mRNA) antagonist was developed for pediatric patients with relapses of B-ALL (NCT01186328) [106] .
Different ways to inhibit Wnt/β-catenin signaling are currently under investigation for acute leukemias (see Table 1 ). PRI-724 CBP/β-catenin NCT01606579 NCT02195440 [72] Several Wnt/β-catenin modulators are now undergoing clinical trials to treat different tumors, including ovarian cancer (NCT02092363), pancreatic cancer (NCT01764477), and advanced solid tumors (NCT02521844). These studies have shown some promising outcomes [108] .
In B-ALL cells, it has been observed that the interaction between Wnt/β-catenin pathway and BM stromal cells contributed to cytarabine resistance [92] . Treatment with the tankyrase inhibitor XAV939, which stimulates β-catenin degradation by inhibiting tankyrase, was able to lower chemo-resistance in in vitro and in vivo, most likely by disrupting the BM niche protective support [92] .
When added to classical chemotherapeutic drugs, ICG-001, which is a CBP/β-catenin transcription inhibitor, led to decreased self-renewal capacity of ALL cells, downregulated BIRC5, and abrogated drug-resistance in primary leukemia cells [72] . Authors demonstrated that ALL relapse patients displayed CBP mutations in about 18.3% of relapse cases and patients that do not relapse [72] . Therefore, CBP mutations can be associated with a worse outcome.
These findings have been confirmed through the inhibition of Wnt by iCRT14 (an inhibitor of β-catenin-dependent transcription) that caused marked cytotoxic effects in ALL cell lines and relapsed ALL samples and restored chemo-sensitivity [71] .
Moreover, PKF115-584 (that disrupts the interactions between β-catenin and LEF1, leading to transcriptional inactivation of LEF1) prevented and partially reverted leukemogenesis, by inducing apoptosis and reducing proliferation in human T-ALL cells [81] .
In the last few years, crosstalk and correlation between up-regulation of Wnt/β-catenin and multiple signaling pathways have emerged in ALL.
Inhibition of Wnt/β-catenin and phosphatidylinositol 3-kinase (PI3K)/Akt/mechanistic target of rapamycin (mTOR) pathways is considered a possible innovative therapeutic strategy for cancer treatment [109, 110] .
Independent studies have identified that both PI3K/Akt/mTOR and Wnt/β-catenin signaling networks contribute to leukemia by sustaining neoplastic cell proliferation and drug-resistance [111] [112] [113] . It has been demonstrated that phosphatase of regenerating liver-3 (PRL-3) high AML cells are dependent on the PI3K/AKT/mTOR and Wnt/β-catenin signaling pathways for survival [114] . Therefore, inhibition of these signaling cascades could achieve robust clinical efficacy for this subtype of AML patients with high PRL-3 expression [114] .
Our group recently showed that co-targeting Wnt/β-catenin and PI3K/Akt/mTOR pathways could be a potentially promising treatment in T-ALL settings [115] . Inhibition of the previously mentioned signaling cascades was synergistically cytotoxic to T-ALL cells, especially under hypoxic conditions, that mimic the hypoxic BM microenvironment, where LSCs reside.
Wnt/β-catenin and Notch pathways are linked each other both in development and oncogenesis [116] . Notch1-related leukemogenesis is also dependent on the levels of β-catenin and inhibition of β-catenin compromised survival and proliferation of human T-ALL cell lines carrying activated Notch1 [81] .
Another paper demonstrated that PTEN loss is frequently associated with Wnt/β-catenin dysregulation in leukemia settings [87] . β-catenin activation, c-myc overexpression, and PTEN deletion clustered together in a mouse model with Notch-independent T-ALL [87] .
In addition, the aberrant activation of the mitogen-activated protein kinase (MAPK) pathway, which is a common event in cancer, has been shown to be associated with the activation of the Wnt/β-catenin network in relapsed ALL [117] .
The bromodomains (BRD) extra terminal proteins (BET) inhibitors directly target BRD proteins, while downregulating c-myc transcription. Given the pivotal role of c-myc in cancer, the effects of BET inhibitors in leukemia were described in several studies and these drugs represent a new therapeutic option. Several BET inhibitors are currently being evaluated in clinical trials in a range of diseases, including hematological malignancies (NCT02158858), even if molecular and cellular mechanisms that govern sensitivity and chemo-resistance remain unknown.
Recently, it has been shown that c-myc inhibition reduced LSCs in mice by demonstrating the involvement of c-myc in LSCs maintenance in ALL [118, 119] . Treatment with BET inhibitors reduced c-myc expression and inhibited the growth of relapsed T-ALL samples in vitro and c-myc abrogation depleted LSCs and, consequently, prolonged survival in mice. The pre-clinical efficacy of BET inhibitors has been demonstrated in AML [120] .
Combined treatment with a β-catenin inhibitor and a BET inhibitor had strong cytotoxic effects in in vivo and in vitro post-myeloproliferative neoplasms (MPN) AML blast progenitor cells (BPCs) [121, 122] . Moreover, in mixed lineage leukemia (MLL)-AF9-driven mouse AML and in human AML cells, resistance to BET inhibitors was due to increased activity of β-catenin and restoration of c-myc expression [123] . BET inhibitor resistance was also shown to emerge from LSCs both in vivo and in vivo and Wnt/β-catenin pathways were significantly upregulated in resistant cells [122, 123] .
Inhibition of Wnt/β-catenin cascade resulted in restoration of sensitivity to BET inhibitors both in vitro and in vivo [122] , which further highlights the crucial influence of this pathway on BET inhibitors efficacy.
All these data together provide new insights into the combination of BET and Wnt/β-catenin inhibitors, which represents a potential new therapeutic strategy to overcome chemo-resistance in leukemia.
Although a large number of compounds inhibiting Wnt/β-catenin signaling have been explored as anti-cancer therapeutics, only two have been tested in clinical studies for hematological disorders. CWP232291 is a β-catenin inhibitor that interferes with the β-catenin-dependent gene expression and is currently being tested for AML (NCT01398462). PRI-724, an ICG-001-derived compound, has entered early-phase clinical trials for hematological malignancies, where it displayed a tolerable toxicity profile (NCT01606579, NCT02195440).
Conclusions and Perspectives
ALL is an aggressive blood disorder that needs more effective and less toxic targeted therapies, especially for primary resistant and relapsed patients. Chemo-resistance is due to persistence of residual LSCs, which are characterized by quiescence that allow them to escape chemotherapy-induced cell death. Increasing attention has been focused to eradicate the bulk of LSCs by developing novel strategies targeting aberrant signaling networks that lead to LSCs survival and to drug-resistance.
Wnt/β-catenin axis has a central but controversial role in hematopoiesis, which suggests the possible existence of unidentified mechanisms through which the Wnt/β-catenin pathway regulates blood cell production. Moreover, overexpression of Wnt/β-catenin signaling axis has been reported in several cancers, including hematological malignancies and contributes to chemo-resistance. In this context, inhibition of the Wnt/β-catenin pathway offers alternative and interesting possibilities for blood disorders therapeutic intervention, including ALL.
There is now considerable proof that targeting the Wnt/β-catenin network at the level of the receptor/ligand is an attractive therapeutic strategy for inhibiting tumor growth, chemo-resistance, and potentially invasiveness. In particular, the development of Wnt/β-catenin inhibitors at the level of the ligand/receptor, including Wnt secretion inhibitors or antibodies blocking Fzd receptors, are now under investigation and have entered clinical trials.
However, further investigations on the mechanisms underlying the controversial functions of the Wnt/β-catenin pathway will provide new insights in better understanding the processes controlled by Wnt/β-catenin, by identifying those that may safely benefit from administration of selective drugs. Moreover, these studies could provide insight toward other molecules, controlled by the Wnt/β-catenin signaling axis, which would serve as targets for therapeutic intervention.
Another critical step will be to shed light on the reciprocal interactions between Wnt/β-catenin and the BM microenvironment that support the LSCs' survival. Genetic and pharmacological approaches showed that inhibition of Wnt secretion had no effects on maintenance, self-renewal, and differentiation of adult HSCs [124] . These data could have a clinical relevance, especially for patients displaying high levels of Wnt/β-catenin activation because Wnt/β-catenin inhibitors drugs might not affect healthy HSCs and blood cells production.
Importantly, in line with this finding, a recent study showed that LSCs express high levels of the long isoform of LEF1 compared with immature and more quiescent HSCs. This differential expression of the LEF isoform in LSC versus normal HSCs offers the opportunity to preferentially target LSCs by impairing LEF1-β-catenin interaction, and targeting Wnt/β-catenin axis. This differential dependency of LSC versus HSCs on LEF1-mediated Wnt/β-catenin signaling could potentially be exploited for targeting LSCs while sparing the healthy HSCs [125] .
Considering the clinical implications of all these findings, the involvement of Wnt/β-catenin signaling in normal and malignant hematopoiesis should be better addressed.
Funding: This research received no external funding.
Conflicts of Interest:
The authors declare no conflict of interest. 
Abbreviations

